Creating accurate 3D representations of the world from 2D retinal images is a fundamental task for the visual system. However, the reliability of different 3D visual signals depends inherently on viewing geometry, such as how much an object is slanted in depth. Human perceptual studies have correspondingly shown that texture and binocular disparity cues for object orientation are combined according to their slant-dependent reliabilities. Where and how this cue combination occurs in the brain is currently unknown. Here, we search for neural correlates of this property in the macaque caudal intraparietal area (CIP) by measuring slant tuning curves using mixed-cue (texture + disparity) and cue-isolated (texture or disparity) planar stimuli. We find that texture cues contribute more to the mixed-cue responses of CIP neurons that prefer larger slants, consistent with theoretical and psychophysical results showing that the reliability of texture relative to disparity cues increases with slant angle. By analyzing responses to binocularly viewed texture stimuli with conflicting texture and disparity information, some cells that are sensitive to both cues when presented in isolation are found to disregard one of the cues during cue conflict. Additionally, the similarity between texture and mixed-cue responses is found to be greater when this cue conflict is eliminated by presenting the texture stimuli monocularly. The present findings demonstrate reliability-dependent contributions of visual orientation cues at the level of the CIP, thus revealing a neural correlate of this property of human visual perception.
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vision | 3D orientation | perspective | reliability | cue combination T ransforming 2D retinal images into accurate 3D representations of the world is a fundamental, albeit complex, problem the brain must solve. The computation of 3D object orientation is essential to this process and necessary for a wide range of behaviors, including object recognition (1), reaching (2) , and grasping (3, 4) . Multiple signals, including texture (available monocularly) and binocular disparity, are used to determine 3D orientation (5, 6) . Single-unit (7) (8) (9) (10) and functional MRI (fMRI) (11) (12) (13) studies indicate that different orientation cues are combined in high-level cortical areas.
Object orientation is often described using angular variables called slant (rotation about an axis perpendicular to the line of sight) and tilt (rotation about an axis parallel to the line of sight) (14, 15) (Fig. S1 ). As a consequence of perspective geometry, which determines how a scene projects onto each retina (16) , the reliability of texture cues for 3D orientation increases with slant (i.e., as depth variation increases) (17) (Fig. 1A) . In contrast, the reliability of disparity cues is largely independent of slant (18) . Thus, if robust orientation estimates are created by combining texture and disparity cues according to their reliabilities, the relative contributions of the cues will depend on the object's slant. Human perceptual studies correspondingly show that as slant increases, texture contributes more (and hence disparity less) to judgments of surface orientation (5, 6) (Fig. 1B) .
Here, we investigate how texture and disparity cues are combined at the single-cell level. Previous studies show that neurons in the caudal intraparietal area (CIP) of the macaque monkey jointly encode the slant and tilt of a planar object (14, 15) , and that some CIP neurons are sensitive to both texture and disparity cues (7, 8) . We conjectured that the contributions of these cues to CIP responses depend on the preferred slant; specifically, that cells preferring small slants would be less sensitive to texture cues than cells preferring large slants. To test this conjecture, we measured slant tuning curves from single neurons using mixed-cue (texture + disparity) and cue-isolated (texture or disparity) stimuli. Comparisons of the tuning curves reveal that the slant-dependent relative reliability of texture and disparity cues constrains their contributions to the responses of CIP neurons. This finding suggests that different visual cues may be combined according to their reliabilities in CIP to create a robust 3D representation of the world.
Results
Sensitivity of CIP Neurons to Texture and Disparity Cues. Based on measurements of tilt tuning, previous work shows that about half of surface orientation-selective CIP neurons are sensitive to both texture and disparity cues (7) , and have strongly correlated texture-defined and disparity-defined tilt preferences (8) . However, because texture reliability does not depend on tilt, previous work could not examine if the contributions of texture and disparity cues to CIP responses depend on cue reliability. To investigate the reliability-dependent combination of these cues, it is essential to vary slant. Here, we measured CIP slant tuning curves using the following: (i ) mixed-cue checkerboard stimuli with congruent texture and binocular disparity cues (CKB), (ii) checkerboard texture stimuli that could be viewed monocularly (mTXT) to assess texture sensitivity in the absence of disparity cues or binocularly (bTXT) to assess texture sensitivity in the presence of a conflicting disparity cue signaling zero slant (i.e., a frontoparallel plane), and (iii) random dot stereograms to
Significance
The world is 3D, but our eyes sense 2D projections. Constructing 3D spatial representations is consequently a complex problem the brain must solve for us to interact with the environment. Robust 3D representations can theoretically be created by combining distinct visual signals according to their reliabilities, which depend on factors such as an object's orientation and distance. Here, we show that reliability constrains the integration of texture and disparity cues for 3D orientation in macaque parietal cortex. Consistent with human perceptual studies, the contribution of texture cues is found to increase as the object's slant (i.e., depth variation) increases. This finding suggests that the parietal cortex is capable of combining multiple visual signals to perform statistical inference about the 3D world.
assess sensitivity to binocular disparity cues (RDS) (Fig. 2A) . Importantly, the stimuli were rendered in a 3D environment to ensure the equivalence of texture-defined and disparity-defined slants. These stimuli allow for direct comparison of responses across stimulus types but have the tradeoff of introducing a density gradient across the RDS stimuli (a potential texture cue). If this density gradient contributes to CIP slant selectivity, it could cause the contribution of texture cues to be underestimated at large slants, spuriously weakening support for our hypothesis. However, theoretical work (19) , neural data (below), and human psychophysics (Fig. S2 ) all indicate that this density gradient is not a reliable slant cue, and is thus unlikely to contribute to CIP slant selectivity (SI Methods).
For each cell, a joint slant-tilt tuning curve was first measured using the mixed-cue (CKB) stimuli. Slant and tilt are polar coordinates describing surface orientation in which slant (s) is the radial variable and tilt (t) is the angular variable (Fig. S1B) . The origin corresponds to a frontoparallel plane (s = 0°), and greater radial distances correspond to planes with larger slants (more depth variation). The slant-tilt tuning curve of an example cell is shown in Fig. 2B . Slant tuning curves measured at fixed tilt axes are slices passing through the origin of the slant-tilt disk. For example, the black line in Fig. 2B marks the slant tuning curve passing through the cell's preferred surface orientation. The slant tuning curve at each tested tilt axis is shown in Fig. 2C . Because RDS and TXT tilt preferences in CIP are similar (8), slant tuning curves were then measured using the mixed-cue and cue-isolated stimuli only at the tilt axis passing through the preferred surface orientation.
Slant tuning curves of four cells illustrating the range of observed responses are shown in Fig. 3 . We first examined the percentage of RDS and bTXT responses that had significant slant tuning (ANOVA, P < 0.05). Nearly every slant tuning curve measured with the RDS stimuli (58 of 59 cells, 98%) and a smaller percentage measured with the bTXT stimuli (32 of 49 cells, 65%) were significantly tuned. Some cells (17 of 49, 35%) were therefore significantly tuned for the RDS stimuli but not the bTXT stimuli (Fig. 3 A, B, and D) . Note that viewing a texture stimulus binocularly results in a cue conflict at nonzero slants because the disparity cues signal a slant of 0°(a frontoparallel plane) regardless of the texture-defined slant. If the responses of these 17 cells to the bTXT stimuli signaled the disparity-defined slant, then their RDS frontoparallel plane responses should be similar to the bTXT responses regardless of the texture-defined slant. To test this possibility, we calculated a discrimination index (DI) (20) assessing how well the responses of each neuron distinguished a RDS frontoparallel plane from the bTXT stimuli at each texture-defined slant (SI Methods). The average DI [DI = 0.22 ± 0.16 (SD)] was low, and the vast majority of them (132 of 153, 86%) were not statistically significant (Table S1 ), indicating that these cells responded to the bTXT stimuli as if they were frontoparallel. This finding is evident in Fig. 3 A, B , and D by comparing the frontoparallel RDS and CKB responses with each bTXT response. In the presence of the texture-disparity cue conflict occurring with bTXT presentations, these cells thus signaled the slant specified by the disparity, not the texture cues. Other cells behaved in a different fashion, having similar tuning for the CKB, RDS, and bTXT stimuli (Fig. 3C ). In the presence of the texturedisparity cue conflict occurring with bTXT presentations, these cells signaled the texture, not the disparity cues.
Unlike previous studies (7, 8, 10) , we also measured responses to mTXT stimuli ( Fig. 3 B and D) . The mTXT responses were significantly tuned (ANOVA, P < 0.05) in 15 of 22 measured tuning curves (68%) from 14 cells (the stimuli were presented separately to each eye for 8 cells and to just one eye for 6 cells). For 3 of the 8 cells tested with each eye, both the left and right eye responses were significantly tuned. For 13 of 22 tuning curves, the stimuli were presented to the eye contralateral to the recording hemisphere, and tuning was significant for 8 of 13 (62%) tuning curves. For the other 9 tuning curves, the stimuli were presented to the eye ipsilateral to the recording hemisphere, and tuning was significant for 7 of 9 (78%) tuning curves. Thus, significant tuning for texture stimuli could be elicited during both binocular and monocular viewing, and in the case of monocular viewing, significantly tuned responses could be elicited from either eye regardless of which anatomical hemisphere the cell was located in.
Importantly, measuring texture responses both monocularly and binocularly allowed us to examine how the cue conflict occurring with bTXT presentations affects the texture responses of CIP neurons. This examination revealed that texture responses could depend greatly on whether the stimuli were viewed monocularly or binocularly. For example, during presentation of bTXT stimuli (binocular viewing resulting in a cue conflict), the cell in Fig. 3D signaled the disparity-defined slant (s = 0°). However, when presented with mTXT stimuli (monocular viewing, no cue conflict), the same cell signaled the texture-defined slant. Comparing mTXT and bTXT responses further revealed that cells sensitive to both texture (mTXT) and disparity (RDS) cues can respond qualitatively differently when the cues conflict (bTXT). For example, the cell in Fig. 3C signaled the texturedefined slant during presentation of bTXT stimuli. In contrast, the cell in Fig. 3D signaled the disparity-defined slant.
Comparison of Mixed-Cue and Cue-Isolated Slant Tuning Curves. To compare mixed-cue (CKB) and cue-isolated (RDS and TXT) responses quantitatively, each slant tuning curve with significant tuning (ANOVA, P < 0.05) was fit with a von Mises function (Fig. 3) . The average fits were as follows: r = 0.96 ± 0.04 SD (CKB, n = 59), r = 0.94 ± 0.08 SD (RDS, n = 58), r = 0.88 ± 0.18 SD (bTXT, n = 32), and r = 0.87 ± 0.27 SD (mTXT, n = 15). Of these, 1 RDS, 4 bTXT, and 1 of the mTXT tuning curves were poorly fit, with an accounted variance (r 2 ) ≤ 0.5, and thus removed from this analysis. The slant preferences, response amplitudes, and tuning bandwidths of the remaining tuning curves were then compared ( Fig. 4 and Fig. S3 ).
Across the population, the CKB and RDS slant preferences were highly correlated (r = 0.92, P < 0.001), whereas the CKB and TXT preferences were not (bTXT: r = 0.26, P = 0.2; mTXT: r = −0.07, P = 0.82) (Fig. 4) . In this analysis, the preferred CKB slant was defined as positive, but the signs of the RDS and TXT slant preferences were unconstrained (SI Methods). Interestingly, we found that the RDS and TXT tuning curves always peaked at positive slants, indicating that the direction of the preferred slant (e.g., forward vs. backward) did not depend on the stimulus type. On average, the preferred bTXT slant was 14°greater than the preferred CKB slant (sign test, P < 0.0001), indicating that the bTXT responses systematically peaked at larger slants than the CKB responses. This result suggests that in the presence of the texture-disparity cue conflict occurring with bTXT presentations, stronger texture cues (i.e., larger slants) are generally required to drive responses signaling that the plane is not frontoparallel (the disparity-defined slant). In contrast, the mTXT and RDS responses, on average, peaked at slants 4°a nd 2°greater than the CKB responses, respectively, and were not significantly different from 0°(sign test, P ≥ 0.1). This result suggests that the variability between the mTXT and CKB slant preferences may reflect the computational difficulty of estimating slant from texture cues (19) . Also note that unlike the CKB and RDS slant preferences, which spanned the entire range of slants, the TXT preferences were concentrated at larger slants (where texture cues are most reliable). This observation indicates that texture contributes most to CIP responses at large slants, consistent with fMRI results showing that texture-driven activity in the human anterior intraparietal area (which receives direct CIP input in monkeys) increases with slant (4, 21) .
The high degree of similarity between CKB and RDS responses and poorer correspondence between CKB and TXT responses was also reflected in the accounted variance between the tuning curves (which were always positively correlated). On average, the disparity (RDS) responses accounted for 81 ± 15% SD (n = 59) of the variance in the CKB responses, the binocularly viewed texture (bTXT) responses accounted for 31 ± 31% SD (n = 49), and the monocularly viewed texture (mTXT) responses accounted for 44 ± 29% SD (n = 22). The finding that mTXT responses accounted for more variance than the bTXT responses in the CKB responses is consistent with pictorial depth cues eliciting stronger sensations of 3D space when they are viewed monocularly rather than binocularly (22) .
These results suggest that CIP responses are determined more by disparity than texture cues. However, theoretical work shows that as slant increases over the range of values tested here, the reliability of texture cues increases over an order of magnitude (17) , whereas the reliability of disparity cues remains largely constant (18) . The reliability of texture relative to disparity thus increases with slant, and human slant judgments correspondingly show greater weighting of texture cues (decreased disparity weighting) as slant increases (5, 6) (Fig. 1B) . If the contributions of texture and disparity cues to CIP responses depend on cue reliability, then they should reflect the slant-dependent reliability of texture cues. This possibility is examined next.
Contribution of 3D Visual Signals Depends on Cue Reliability. To examine the contribution of texture and disparity cues to CIP responses, we computed Z-scored partial correlations between the CKB and TXT tuning curves as well as the CKB and RDS tuning curves (Z TXT and Z RDS , respectively) (23, 24) . This analysis compares the similarity between the mixed-cue tuning curve and each cue-isolated tuning curve, controlling for the similarity between the cue-isolated responses. By Z-scoring the partial correlations, the mixed-cue responses can be statistically classified as texture-dominated or disparity-dominated (Fig. 5A ). For comparisons made using the bTXT data, the mixed-cue responses were classified as disparity-dominated in 40 of 49 cells (82%). Of these 40 cells, 17 were not significantly tuned for the bTXT stimuli, defining a subpopulation that encoded the disparitydefined slant in the presence of a cue conflict. The other 23 cells were disparity-dominated but also significantly tuned for the bTXT stimuli. For these cells, both cues contributed to the responses when there was a cue conflict, but disparity played a significantly greater role. In contrast, 6 of 49 cells (12%) were texture-dominated. The remaining 3 of 49 (6%) cells were not classifiable because the texture and disparity tuning curves were highly similar. Together, the texture-dominated and unclassified cells (9 of 49 cells, 18%) define a subpopulation that signaled the texture-defined slant when there was a cue conflict. Importantly, the overall dominance of disparity cues was not a consequence of presenting the texture stimuli binocularly. For the 22 comparisons made using mTXT responses, the mixed-cue responses were classified as disparity-dominated in 16 of 22 (73%), 2 of 22 (9%) were texture-dominated, and 4 of 22 (18%) were unclassified.
If cue reliability constrains the contributions of texture and disparity cues to CIP responses, then cells preferring larger slants should be less dominated by disparity cues than cells preferring smaller slants. To test this hypothesis, we took the difference between Z-scored partial correlations, ΔZ = Z TXT − Z RDS for cells with significant texture and disparity tuning, as an index of the relative contributions of the two cues (23) . Positive values of ΔZ indicate a greater contribution of texture cues, whereas negative values indicate a greater contribution of disparity cues (Methods). Consistent with theoretical work (18, 19) and human perceptual data (Fig. 1B, Right) , ΔZ increased with the preferred slant (measured with the CKB stimuli) for both the mTXT and bTXT data, indicating that the contribution of texture cues increased with slant preference (Fig. 5B) .
This finding could reflect two nonexclusive possibilities: (i) a decrease in the similarity of disparity and mixed-cue responses as the preferred slant increases or (ii) an increase in the similarity of texture and mixed-cue responses. To dissect these possibilities, we plotted the accounted variance between mixed-cue and cue-isolated tuning curves (for significantly tuned responses only) against the slant preference measured with the mixed-cue stimuli. Consistent with human perceptual data on the reliability of disparity cues (Fig. 1B, Middle) , there was no correlation between the preferred slant and the CKB-RDS accounted variance (r = −0.01, P = 0.95) (Fig. 5C, blue data) . This finding indicates that the similarity between mixed-cue and disparity responses is independent of the preferred slant. Consistent with human perceptual data on the reliability of texture cues (Fig. 1B, Left) , there was a strong positive relationship between preferred slant and the CKB-bTXT accounted variance (r = 0.55, P = 0.001) (Fig. 5C, green data) , which was enhanced for mTXT presentations (r = 0.84, P < 0.0001) (Fig. 5C, magenta data) . This finding indicates that the similarity between mixed-cue and texture responses increased with slant preference. The stronger correlation for mTXT than bTXT data likely reflects that disparity cues signal a frontoparallel plane regardless of the texturedefined slant in bTXT presentations. When this cue conflict was present, the responses tended to better reflect the more reliable signal (disparity), but in the absence of the cue conflict (mTXT presentations), the responses tended to better reflect the only available signal (texture). Likewise, the mTXT responses, on average, accounted for 14% more variance in the CKB responses than did the bTXT responses (within cell comparison, n = 22) (Fig. 5D) .
The weights with which texture and disparity cues are combined by CIP neurons were also examined by modeling the CKB responses as a weighted linear combination of the TXT and RDS responses (25, 26) 
To further test if the contribution of texture cues increases with slant preference, the texture weight was correlated with the preferred CKB slant (Fig. S4 ). Consistent with human perceptual studies (Fig. 1B) and the partial correlation analysis (Fig. 5B) , the texture weight was found to increase with slant preference. Analogous to the accounted variance analysis (Fig. 5C ), the mTXT weights increased with slant at a similar rate as the bTXT weights but were offset vertically, indicating that they were generally larger than the bTXT weights. Together, the present results show that CIP caries functionally useful information for creating a robust, multimodal 3D representation of the environment.
Discussion
As a consequence of perspective geometry and stereopsis, the reliability of 3D spatial information conveyed by different visual signals depends on viewing geometry (e.g., an object's slant and distance) (16) (17) (18) . Human perceptual studies show that the brain takes the reliabilities of these signals into account to create accurate 3D representations of the world from 2D retinal images (5, 6) . In this study, we provided evidence for reliability-dependent integration of texture and disparity cues in macaque CIP. Across the population, the contribution of texture cues to neuronal responses was found to increase with preferred slant, as predicted from theoretical work showing that texture reliability increases with slant. A recent study also found that CIP neurons combine visual signals with an estimate of head-body orientation relative to gravity such that a gravity-centered representation of object tilt could be achieved from the population activity (15) . Together, these findings suggest that area CIP is capable of combining multiple sensory signals, both within and across modalities, to perform statistical inference about the 3D world.
Previous work showed that some CIP neurons are sensitive to both texture and disparity cues (7, 8) but could not test whether this sensitivity was related to cue reliability because only tilt tuning was measured. Here, we examined how the integration of these cues depends on a cell's preferred slant. Across the population, we found that cells representing larger slants are more sensitive to texture cues than cells representing smaller slants (Figs. 5B and Fig. S4 ). This finding is consistent with human judgments of surface slant, which show greater texture weighting (less disparity weighting) as slant increases (5, 6), thus revealing a neural correlate of this property of human visual perception. Consistent with the relationships between slant and texture/ disparity reliabilities (18, 19) (Fig. 1B) , we further found that the accounted variance between mixed-cue and texture responses increases with preferred slant, whereas the accounted variance between mixed-cue and disparity responses is constant (Fig. 5C) .
In previous studies examining neuronal sensitivity to 3D orientation cues, either the texture-defined and disparity-defined slants could not be equated (9) or the texture stimuli were only presented binocularly (7, 8, 10) . In contrast, we rendered the stimuli such that the texture-defined and disparity-defined slants were equivalent, and presented texture stimuli monocularly and binocularly. These differences enabled us to show that when texture stimuli are presented monocularly (i.e., with no cue conflict), the responses of CIP neurons generally reflect the texture-defined slant more closely (Fig. 5D ) and that estimates of texture weights are greater (Fig. S4) . Given this result, the finding that tilt-selective middle temporal neurons have weak texture sensitivity may, in part, reflect that the stimuli were presented binocularly (10) . The present findings are also consistent with the sensation of depth being stronger when a texture stimulus (e.g., a painting with perspective) is viewed monocularly rather than binocularly (22) , reflecting the elimination of the cue conflict occurring when pictorial depth cues are viewed binocularly. In fact, Leonardo da Vinci advised artists that they could more accurately reproduce visual perception of a scene by sketching it with one eye closed (27, 28) . Our finding that the accounted variance between texture and mixed-cue responses increased if the texture stimuli were viewed monocularly rather than binocularly is consistent with this observation, and may reveal a neural basis of this perceptual effect.
Considering that disparity is generally a more reliable slant cue than texture for nearby objects (6), why do some cells (e.g., the one in Fig. 3C ) signal the texture-defined slant when there is a cue conflict? Previous studies similarly found cells tuned for the tilt of a binocularly viewed texture-defined plane in both CIP (7, 8) and inferior temporal cortex, where tilt selectivity is greater for monocularly than binocularly viewed texture stimuli (9) . The response properties of these neurons suggest that they may be important for perceiving depth from perspective in paintings or perspective-based illusions, such as the Ponzo illusion. Such illusions are perceived by several primate species as well as pigeons (29) (30) (31) , suggesting that perspective-sensitive cells that disregard disparity may be widely found in visual animals. These cells may also be important for estimating the 3D orientation of distal objects (where disparity cues are less reliable) (6), as well as calibrating orientation estimates based on texture and disparity cues (32) (33) (34) . Interestingly, some cells that were sensitive to both texture and disparity cues only signaled the texturedefined slant (e.g., Fig. 3C ) or disparity-defined slant (e.g., Fig. 3D ) when the cues conflicted. The existence of two populations of cells with these properties may enable us to perceive the 3D structure conveyed by pictorial depth cues in paintings (requiring cells like in Fig. 3C ) without falsely interpreting that structure as real (requiring cells like in Fig. 3D to signal that the canvas is flat). Likewise, fluctuations in the activity of two such populations may be related to the bistability of 3D visual percepts resulting from large conflicts between binocular disparity and perspective cues (35, 36) . Stimuli eliciting bistable 3D visual percepts may provide a useful tool for investigating the extent to which parallels between CIP responses and psychophysical results are a consequence of the percept produced (which is bistable, and thus variable) or reflect computations performed on retinal images (which are constant, and thus independent of the percept). For example, if CIP texture weights covary with perception on a trial-by-trial basis, it may suggest a closer link to perception than feedforward computation.
Whereas the reliability of texture cues increases with slant angle, the reliability of disparity cues decreases as the distance between the observer and a viewed object increases (6) . In future work, it will be useful to examine if the contribution of disparity cues to CIP responses decreases as the distance from the object increases. Likewise, all cue conflicts examined in this study were between a variable texture-defined slant and a constant disparity-defined slant of 0°. It will be valuable to examine a broader range of conflict conditions in which texture-defined and disparity-defined slants both vary. Such a study would allow for a systematic test of cue integration at small, as well as large, conflicts to investigate how different internal models of priors may be used to integrate the cues robustly (37) . Another open question is how neurons are able to combine sensory signals according to their reliability. Recent work suggests this ability requires a computation called divisive normalization in which the response of each neuron is normalized by a measure of the population activity (26, 34, 38, 39) . Future experiments can be designed to test whether divisive normalization accounts for the integration of texture and disparity cues in CIP, and if individual neurons can reweight these cues to account for changes in viewing geometry (6, 25, 26) . Lastly, visual distortions that transiently occur with changes in the power of optical lenses reflect a recalibration of the relationship between disparity cues and perceived slant (32) . Together, these results suggest the existence of two mechanisms contributing to the visual encoding of 3D orientation: reliability-based cue weighting and calibration of different visual signals. In future studies, it will be important to determine how cue weighting and cue calibration (33, 34) together ensure that 3D representations of the environment are both reliable and accurate.
Methods
A detailed description of the experimental protocols and analyses is provided in the SI Methods. During experiments, a monkey sat 30 cm from a liquid crystal display screen on which planar stimuli were displayed as red/green anaglyphs. Slant tuning curves were measured between ±60°, sampled in 15°steps. The stimuli subtended 19°of visual angle and were centered on the fixation point (a yellow dot) directly in front of the monkey at screen distance. Fixation was maintained within a 2°version and 1°vergence window. Each stimulus presentation required 1,350 ms of fixation: 300 ms of black screen, followed by 1 s of a planar stimulus and then 50 ms of black screen. Single-unit extracellular action potentials were recorded using previously described methods, and stimulus-driven firing rates were calculated from the start of the visual response to the end of the 1-s stimulus presentation (14, 15) .
Slant tuning curves measured at fixed tilt axes were fit with a π-periodic von Mises function, FðsÞ = DC + Ge k½cosð2fs−s0 gÞ−1 . Here, s is slant, DC is a baseline offset, G is the response gain, k sets the tuning bandwidth, and s 0 is the preferred slant. The −1 makes the response amplitude independent of the bandwidth parameter. Tuning bandwidth was calculated as the full-width at half-height of the fitted von Mises function. To assess the contributions of texture and disparity cues to the mixed-cue responses of CIP neurons, we computed Z-scored partial correlations between the CKB and TXT tuning curves as well as the CKB and RDS tuning curves (Z TXT and Z RDS , respectively) (23, 24) , and took their difference, ΔZ = Z TXT − Z RDS (23) , as an index of the relative contributions of the two cues. A significance criterion of Z = 1.645 (P = 0.05) was used to classify the mixed-cue responses as texture-dominated or disparity-dominated.
Supporting Information
Rosenberg and Angelaki 10.1073/pnas.1421131111 SI Methods Animal Preparation. Surgeries and experimental procedures were approved by the Institutional Animal Care and Use Committee at Washington University in St. Louis, and in accordance with NIH guidelines. Two male rhesus monkeys (Macaca mulatta) were surgically implanted with a lightweight Delrin ring for head restraint and a removable recording grid for guiding electrode penetrations. In separate surgeries, each eye was implanted with a scleral search coil for monitoring eye position. After recovery, standard operant conditioning procedures were used to train the monkeys to fixate a visual target within a 2°vergence and 1°v ersion window.
Localization of Recording Sites and Data Acquisition. Recording locations were targeted using MRI atlases (1), and were confirmed physiologically based on the prevalence of surface orientation tuning and sensitivity to both texture and disparity cues (2) . A detailed description of the slant-tilt tuning properties of the cells included in this study was previously published (1). Extracellular action potentials were recorded with epoxy-coated tungsten microelectrodes (FHC) inserted into the cortex through a transdural guide tube using a hydraulic microdrive. Neural voltage signals were displayed on an oscilloscope to isolate single units using a window discriminator (BAK Electronics), and were then digitized at a rate of 25 kHz using a CED Power 1401 (Cambridge Electronic Design) and stored for offline analysis.
Behavioral Control and Visual Stimuli. Custom Spike2 scripts were used for behavioral control. During experiments, a monkey sat 30 cm from a liquid crystal display screen on which stimuli were displayed. An aperture constructed from black nonreflective material was affixed to the screen such that the viewable region was a 30-cm-diameter disk. The same material encased the setup such that the monkey could only see the stimuli. Visual stimuli were programmed using OpenGL software and presented as red/ green anaglyphs. Three types of stimuli were used: (i) CKB, (ii) TXT (the CKB stimuli with the interocular distance set to zero) that could be viewed monocularly (mTXT) to assess texture sensitivity in the absence of disparity cues or binocularly (bTXT) to assess texture sensitivity in the presence of disparity cues signaling zero slant, and (iii) RDS (Fig. 2A) . The stimuli were rendered in a 3D environment to ensure that texture-defined and disparity-defined slants were equivalent. This method of stimulus generation allowed us to compare texture, disparity, and mixed-cue responses directly, which was not possible in a previous study (3) . For the RDS stimuli, the size and circular shape of the dots were independent of the slant, eliminating perspective cues at the level of individual dots. As slant increases, rendering in a 3D environment introduces a density gradient across an RDS stimulus (a potential texture cue; Fig. 2A, Right) . However, theoretical analyses on the information content of texture cues suggest that this density gradient is unlikely to contribute to neuronal slant selectivity because a density gradient does not provide a reliable slant signal (especially when the dots are constant in size and do not undergo foreshortening, as was the case here) (4). Results presented in Fig. 5C support that density gradients in the RDS stimuli did not contribute to CIP slant selectivity. If they had contributed, the accounted variance between the mixed-cue (CKB) and RDS responses would have increased with preferred slant. Instead, there was no correlation, indicating that the similarity between the CKB and RDS responses was independent of slant preference. We additionally conducted a control experiment showing that human subjects did not use the density gradient to perform a slant discrimination task (below). Together, these observations suggest that density gradients in the RDS stimuli did not provide a reliable cue for surface slant. Importantly, even if density gradients did contribute to CIP slant selectivity, they could only weaken support for our hypothesis because they would cause the contribution of texture cues to be underestimated at large slants. Slant tuning curves were measured between ±60°, sampled in 15°steps. The stimuli subtended 19°of visual angle and were centered on the fixation point directly in front of the monkey at screen distance. The CKB, RDS, and bTXT stimuli were interleaved, but it was necessary to present the mTXT stimuli separately. In each trial, a planar surface of a specified type (CKB, RDS, or TXT), slant, and tilt was presented. Each trial required 1,350 ms of fixation. The screen was black for the first 300 ms, a plane was then presented for 1 s, and the screen was black for the last 50 ms. The monkey was rewarded if fixation was maintained for the entire 1,350 ms. The trial was aborted and data were discarded if fixation was broken prematurely. Each stimulus was presented at least 3 times but typically between 5 and 12 times. The dataset includes 30 cells from monkey P and 29 cells from monkey U. For 10 cells, responses were measured with the CKB and RDS stimuli only. Stimulus-driven firing rates were calculated from the onset of the visual response to the end of the 1-s stimulus presentation, and baseline activity was calculated over the 250 ms preceding stimulus onset (1).
Analysis. Slant and tilt are polar coordinates describing planar surface orientation (Fig. S1) . A detailed description of slant-tilt coordinates is presented by Rosenberg et al. (1) . Briefly, slant (s) specifies how much the plane is rotated away from frontoparallel (0°≤ s ≤ 90°) and tilt (t) specifies which direction the plane is rotated [e.g., left to right or top to bottom (0°≤ t < 360°)]. As in previous work, we restrict our analysis to the visible set of planar surface orientations, that is, orientations for which the object lies within the field of view and does not self-occlude (1, 5) . To ensure that all presented stimuli were within the visible set of planar surface orientations, slant was restricted to the domain 0°≤ s ≤ 60°. At larger slants, a portion of the surface extends outside of the field of view, thus cropping the stimulus and confounding slant with the plane's retinotopic area. We previously showed that within the visible set defined over 0°≤ s ≤ 60°a nd 0°≤ t < 360°, the planar slant-tilt tuning curves of CIP neurons are well described by a Bingham function (1). Crosssections passing through the origin of a slant-tilt tuning curve correspond to slant tuning curves at fixed tilt axes (Fig. 2B) . Correspondingly, the tuning curve fits shown in Fig. 2C are crosssections of the Bingham function fit to the slant-tilt tuning curve in Fig. 2B . Cross-sections of a Bingham function passing through the origin of the slant-tilt disk are themselves von Mises functions with π-periodicity. Slant tuning curves measured at fixed tilt axes were therefore fit with a π-periodic von Mises function (Methods). Because planar slant is a π-periodic angular variable and tilt is a 2π-periodic angular variable (1), plotting a slant tuning curve measured at a fixed tilt axis requires slant to take both positive and negative values (Fig. 2 B and C) . In this case, slants of opposite sign correspond to planes leaning in opposite directions (i.e., tilts 180°apart). As an example, consider two planes that both have a slant of 60°but tilts of 90°(leaning forward) and 270°(leaning backward). If tilt is ignored, the slant of one of these planes is then defined as +60°and the slant of the other is defined as −60°.
Additionally, note that slants of ±90°at the same tilt axis correspond to the same surface orientation: a plane whose surface normal vector is perpendicular to the line of sight (Fig. S1 ). For consistency, slant tuning curves measured at fixed tilt axes are plotted and analyzed such that mixed-cue CKB tuning curves peak at positive slants. Thus, the CKB tuning curves always peak at positive slants, but the RDS and TXT tuning curves can peak at either positive or negative slants. A negative slant preference would occur, for example, if a cell preferred a CKB plane leaning forward but an RDS plane leaning backward.
To assess the contributions of texture and disparity cues to the mixed-cue CKB responses of CIP neurons, we computed Z-scored partial correlations between the CKB and TXT (mTXT or bTXT) tuning curves as well as the CKB and RDS tuning curves (Z TXT and Z RDS , respectively), and took their difference, ΔZ = Z TXT − Z RDS , as an index of the relative contributions of the two cues (6, 7) . A significance criterion of Z = 1.645 (P = 0.05) was used to classify the mixed-cue responses statistically as texture-or disparity-dominated ( Fig. 5 A and B) . To estimate the linear integration weights with which individual CIP neurons combine texture and disparity cues, the CKB responses were modeled as a weighted linear combination of the TXT and RDS responses (8, 9) (Fig. S4) . It is important to note here that slant estimation differs from examples of cue combination in which cue reliability changes with a parameter (e.g., motion coherence) that is independent of the variable of interest (e.g., direction of motion). Specifically, whereas cue reliability is constant across all stimulus values when the reliability is set by an independent variable, the reliability of texture cues depends inherently on slant, the variable of interest (10) (Fig. 1) . A pair of texture and disparity weights would therefore ideally be calculated for each slant magnitude (e.g., ±60°), but this calculation would overfit the data because there are two measured neural responses per slant magnitude (e.g., responses to ±60°of slant) and two free parameters (the texture and disparity weights). Instead, we examined if the weights with which individual CIP neurons integrate texture and disparity cues depend on the preferred surface slant. The CKB tuning curve was thus modeled as a weighted linear combination of the TXT and RDS tuning curves: F CKB (s) = DC + A TXT ·F TXT (s) + A RDS ·F RDS (s). Here, F CKB (s) is the CKB tuning curve, DC is a baseline offset offset, A TXT is the fitted coefficient for the TXT tuning curve F TXT (s), and A RDS is the fitted coefficient for the RDS tuning curve F RDS (s). The fitted coefficients were then transformed into a texture weight (W TXT ) that varies between 0 and 1 using the equation: W TXT = A TXT /(A TXT + A RDS ). The disparity weight (W RDS ) is defined analogously, with W TXT + W RDS = 1.
Human psychophysical data on the integration of texture and disparity cues were extracted from two previous papers (11, 12) using a graph-tracing program (13) . The data were transformed from perceptual thresholds (T) to log-reliabilities (R) using the equation R = log(T −1 ). The relationship between the slant of the presented stimulus and either the log-reliability or the texture weight is shown in Fig. 1B . Regression lines through these data were computed using type I regressions, which minimize the vertical distance between the data points and the regression line. A type I regression is used when there is one independent variable (e.g., the slants of presented planar surfaces) and one dependent variable (e.g., estimated texture weights). The regression lines in Fig. 5 B and C and Fig. S4B were computed as type II regressions, which minimize the perpendicular distance between the data points and the regression line. A type II regression is used when there are two dependent variables (e.g., estimated slant preferences and estimated texture weights).
To examine if the responses of neurons that were not significantly tuned for the bTXT stimuli were consistent with signaling the disparity-defined slant (i.e., a frontoparallel plane, s = 0°) at each texture-defined slant of the bTXT stimuli, we calculated a DI (Table S1) :
where RDS FP is the RDS frontoparallel plane response, bTXT S is the bTXT response to a given texture-defined slant, RSE is the square root of the residual variance around the mean responses to the RDS and bTXT stimuli, and the vertical bars denote absolute value. This calculation was performed on the square root of the firing rate (14) .
Slant Discrimination Control Experiment. A control experiment testing whether the density gradient in the RDS stimuli provided a reliable texture cue for surface slant was conducted with three naive human subjects (two male) with normal vision. The subjects were informed of the experimental procedures, and informed written consent was obtained as per the guidelines of the Institutional Review Board at Baylor College of Medicine. A two-interval slant discrimination task was performed about the horizontal axis of visual space. To isolate the density gradient as the potential slant cue, the task was performed monocularly using one of the half-images of the RDS stimuli. One subject performed the task viewing the right half-image with the right eye, and the others viewed the left half-image with the left eye. The nonstimulated eye was covered with an eye patch. Each trial was initiated via a button press. In each trial, a fixation point was first presented with no other visual stimulus for 200 ms. An RDS stimulus centered on the fixation point was then presented for 1 s. The RDS stimulus was then turned off, leaving only the fixation point for 200 ms. Another RDS stimulus centered on the fixation point was then presented for 1 s. Subjects were instructed to maintain fixation for the duration of the trial. At the end of each trial, a button press was used to report the direction in which the second plane was rotated relative to the first ("forward" or "backward"). To confirm that the subjects understood the task and were correctly reporting their responses, they were quizzed before every session using a physical planar object controlled by the experimenter.
This experiment was conducted at three reference slants: 0°, 20°, and 40°. For each reference slant, 16 test angles rotated away from the reference by ±0.25°, ±0.31°, ±0.63°, ±1.25°, ±2.5°, ±5°, ±10°, and ±20°were presented. The order in which reference and test stimuli were presented in a single trial was randomized (either could be presented first). In each session, all combinations of reference slants and test angles were presented five times in a pseudorandom order. Between six and eight sessions were completed for each subject. For each reference slant and session, the percentage of correct choices was calculated at each absolute test angle (pooled over rotations of the same magnitude). The average and SD of the percentage of correct choices were calculated across sessions for each reference slant and test angle. The results of this experiment are shown in Fig. S2 . Fig. S1 . Planar surface orientation. (A) Orientation of a planar surface can be described by two angular variables called slant (s) and tilt (t) (1). Slant is a rotation about an axis perpendicular to the line of sight, determining how much the plane varies in depth. A slant of 0°corresponds to a frontoparallel plane whose normal vector (red arrow) is parallel to the line of sight (no depth variation). At a slant of 90°, the normal vector is perpendicular to the line of sight (maximal depth variation). Tilt is a rotation about an axis parallel to the line of sight, determining the direction the plane leans in depth (e.g., front to back or left to right). The illustrated plane has a tilt of 90°(the top is closest to the observer) and a slant of 22°(i.e., rotated 22°from frontoparallel). (B) Slant (radial variable, red) and tilt (angular variable, blue) are polar coordinates describing planar surface orientation (2). Fig. S2 . Results for the human slant discrimination control experiment. To determine if a density gradient in the RDS stimuli provided a reliable slant cue, three naive human subjects performed a two-interval slant discrimination task monocularly using one of the RDS half-images (details are provided in SI Methods). In each trial, two planar surfaces were presented sequentially in time, and subjects reported whether the second plane was rotated "forward" or "backward" relative to the first. The average and SD of the percentage of correct choices are plotted for each reference slant as a function of the test angle (jΔ Slantj). The horizontal black dotted line shows 50% (chance). For every combination of reference slant and test angle, we assessed whether the subject performed significantly differently from chance using a sign test with a criterion of P = 0.05. After Bonferroni-Holm correction for multiple comparisons, none of the performances were significantly different from chance. Before correction, the only significant effect was for subject 3 with a reference slant of 40°and a jΔ Slantj of 20°. Fig. S3 . Comparison of slant tuning parameters measured with mixed-cue and cue-isolated stimuli. Mixed-cue (CKB) tuning parameters are plotted on the x axis, and cue-isolated parameters are plotted on the y axis. Monocularly viewed texture (mTXT; n = 14), binocularly viewed texture (bTXT; n = 28), and binocular disparity (RDS; n = 57) tuning parameters are plotted. Parameters are taken from von Mises fits to baseline-subtracted tuning curves. Unity lines are plotted in black. (A) Scatter plot of response amplitudes (gain term of the von Mises fit) on a log-log plot. The CKB and RDS response amplitudes were well correlated (r = 0.82, P < 0.0001), whereas the correlations between the CKB and TXT response amplitudes approached but did not reach statistical significance (mTXT: r = 0.50, P = 0.07; bTXT: r = 0.34, P = 0.10). (B) Scatter plot of tuning bandwidths (full-width at half-height of the von Mises fit). The CKB and RDS bandwidths were well correlated (r = 0.70, P < 0.0001), but the CKB and TXT bandwidths were not significantly correlated (mTXT: r = 0.11, P = 0.70; bTXT: r = 0.27, P = 0.21). Fit, orange) . Note the high degree of similarity between the CKB responses and the linear fits, as well as between the von Mises fits. (Left) Cell significantly tuned for the RDS stimuli but not the mTXT stimuli (ANOVA, using a criterion of P = 0.05). The texture weight was 0 (disparity weight of 1), indicating the mixed-cue responses were completely determined by disparity cues. (Middle) Cell significantly tuned for the bTXT and RDS stimuli. The texture weight was 0.52 (disparity weight of 0.48), indicating that texture and disparity cues were weighted almost equally. (Right) Cell significantly tuned for the bTXT and RDS stimuli. The texture weight was 0.86 (disparity weight of 0.14), indicating that texture cues were weighted much more strongly than disparity cues. (B) Texture weight is plotted as a function of the preferred CKB slant for the mTXT (n = 22) and bTXT (n = 49) data. Type II regression lines are shown in the same colors. For the mTXT data, if responses were measured for both eyes, each data point is plotted but the average was used in the regression. Note the vertical offset between the mTXT and bTXT regression lines analogous to the vertical offset observed in the accounted variance analysis (Fig. 5C ). The average mTXT weight was 0.30, and the average bTXT weight was 0.23, consistent with the greater explained variance between the CKB and mTXT responses than between the CKB and bTXT responses (Fig. 5D ). This finding suggests that texture weights can be underestimated when the texture responses are measured binocularly, as in previous work (1) The statistical significance of each DI was assessed using a permutation test with 1,000 resamplings and a criterion of P = 0.05. For each nonzero texturedefined slant, the distribution of DI values and the percent significant were highly similar to when the texture-defined slant was 0°(a condition for which there was no cue conflict). This finding indicates that these cells responded to the bTXT stimuli as if they were frontoparallel (the disparity-defined slant). The average (μ) and SD (σ) of the DI are listed, along with the percent significant and the number of DI values at that texture-defined slant (N).
